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ABSTRACT
A comparison between the results of applying a ring diagram analysis to two data sets is described in
order to check the quality of the two sets and the reliability of the method. The series used have been
obtained with two di†erent helioseismological instruments with the same spatial resolution. A section of
30 ] 30 deg2 about the disk center has been tracked during 512 minutes over a series of images taken
simultaneously by the Taiwan Oscillation Network instrument station at the Observatorio del Teide and
the Michelson Doppler Imager on board the Solar and Heliospheric Observatory. Three-dimensional
power spectra have been constructed from both series and Ðtted to get horizontal velocity Ñows as a
function of frequency. Finally, an inversion process has been applied to obtain the depth dependence of
the average velocity vector in a depth range of 0È25 Mm below the solar surface. The results show an
acceptable correlation between the velocities obtained from the Ðtting of the spectra of both data sets in
spite of the di†erent kinds of noise a†ecting the two instruments. However, the correlation drops when
comparing the velocities obtained after the inversion process based on these results.
Subject headings : convection È Sun: atmosphere È Sun: oscillations
1. INTRODUCTION
Since the late 1960s, helioseismology has proved to be an
unbeatable tool for exploring the solar interior by providing
a great deal of information that can be achieved by no other
means. Oscillation modes provide a surface reÑection of
what is happening inside the Sun and provides data on
internal rotation & Harvey et al.(Duvall 1984 ; Brown
the solar convection zone Rhodes, & Ulrich1989), (Lubov,
and many other aspects of the solar interior (a review1980),
on solar oscillations phenomena can be found in Cox,
Livingston, & Matthews 1991).
Over the past few years the ring diagram analysis method
has been used to infer material motions in the subsurface
layers of the solar convection zone et al.(Hill 1988 ; Patro n
By using highÈl-degree helioseismology data, it is1995).
possible to isolate the information carried by the fre-
quencies of the oscillation modes to a given region in the
Sun. High-l modes do not penetrate into the deep interior,
so their usefulness is restricted to the upper layers of the
convection zone. However, the ray paths of these modes
bunch up when l rises and give a very high resolution with
depth ; hence they provide us with more details of that zone.
The method is based on the study of three-dimensional
power spectra of solar oscillations. A simple expression for
the experimental dispersion relation gives a relationship
between the spatial and temporal frequency for high-l solar
oscillation modes :
l\ cJk1@2 , (1)
1 The TON Team includes M.-T. Sun, H.-K. Chang, H.-R. Chen, S.-J.
Yeh, and H.-T. Tang (Tsing Hua University, Hsinchu, Taiwan) ; A. Jime nez
and M.-C. Rabello-Soares (IAC, Tenerife, Spain) ; G. Ai and G.-P. Wang
(Huairou, Beijing, China) ; P. Goode and W. Marquette (BigBear, Newark,
U.S.A.) ; S. Ehgamberdiev and S. Khalikov (Ulugh, Tashkent, Uzbekistan).
where l is the temporal frequency of the oscillation mode, k
is the modulus of the horizontal wavenumber, and c is the
constant of proportionality. This relation produces the well-
known two-dimensional diagnostic diagram, with ridges
corresponding to every single radial order, n. Taking into
account both components of the spatial wavenumber, k
xand in the diagram becomes a three-k
y
, equation (1)
dimensional representation in which every ridge leads into a
surface reminiscent of the Ñare of a trumpet. Cuts at con-
stant frequency of such a surface appear as rings of power
which give the name to this analysis technique.(Fig. 1),
The spatial distribution of the solar oscillation modes can
be represented by plane waves when lº 100, which makes
decomposition of the modes possible in terms of sine and
cosine functions instead of the traditional spherical harmo-
nic decomposition. Keeping this in mind, it is possible to
Fourier transform the data spatially, in both the south-
north and eastÈwest directions, and temporally to get three-
dimensional spectra that keep information about the two
horizontal components and of the wavenumber(k
x
k
y
)
vector k, as well as of the temporal frequency (u). The
advection e†ect of horizontal velocity Ñows, U, in the inte-
rior of the Sun produces a displacement of the frequencies
from their original values, *u\ k Æ U & Toomre(Gough
In the power spectrum, this produces an asymmetry1983).
in the trumpet surfaces about the u-axis. More precisely, for
a speciÐc temporal frequency, there will be a shift in the
rings from the origin The dot product in this(k
x
\ k
y
\ 0).
Doppler displacement tells us that the shift in the rings is a
function of the two horizontal components of the wavenum-
ber vector and the velocity Ðeld producing the perturbation.
As a result, the Ðt of the three-dimensional spectra gives a
series of estimated velocity vectors as a function of fre-
quency, calculated after the measured shifting in frequency
for every mode. These estimated velocities are, in fact, an
average of the velocity Ñows present in the whole cavity
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FIG. 1.ÈCuts at the same temporal frequencies of the three-dimensional power spectra obtained with both instruments. The upper rings belong to the
SOI and the lower ones to the TON. Frequencies for both sets are as follows : left, 3000 kHz; middle, 3500 kHz; and right, 4000 kHz. The higher signal-to-
noise in the power rings from the SOI instrument, which allows us to see one more ring than in the TON spectrum, is clearly visible. However, low spatial
frequencies seem to be more easily reached with TON data.
where the mode under consideration propagates. An inver-
sion procedure is the appropriate tool to convert this infor-
mation (velocity vs. mode frequency) into velocity against
depth, which is the Ðnal goal of the ring analysis technique.
As a result of the fact that the spectrum is a†ected by
noise, and taking into account the small velocity range with
which we are working, it is logical to admit that the noise in
the spectra does inÑuence the results. Of course this is true,
but in this work we will show that the velocities obtained
from ring diagram analysis are detectable when the signal-
to-noise ratio of the spectra has a normal level. This will be
achieved by comparing the results from two instruments
a†ected by very di†erent kinds of noise.
2. DATA REDUCTION PROCESS
The data consist of two sets of full-disk images taken
simultaneously on 1996 June 1, from 09 :00 to 17 :31 UT, by
the Michelson Doppler Imager (MDI), under the Solar
Oscillation Investigation (SOI) project, on board the Solar
and Heliospheric Observatory (SOHO) and the Taiwan
Oscillation Network (TON) instrument located at the
Observatorio del Teide. A complete description of both
instruments can be found in et al. andScherrer 1994 Chou
et al. respectively. However, there are a few remark-1995,
able features, which have to be mentioned in order to estab-
lish the character of the comparison. They are summarized
in Table 1.
There are a couple of di†erences in the two data sets
because of the di†erent locations of the instruments. First,
the di†erent lines of sight of the instruments introduce a
di†erent projection e†ect. Since we are studying a region
centered on the solar disk and the maximum angle between
the lines of sight of the satellite and the Earth is not larger
than the projection e†ects introduced are not expected0¡.26,
to be very important. Secondly, there is also a delay
between the two data acquisitions due to the travel time of
the SunÏs light. The distance between SOHO satellite and
the Earth is about 1.5 million km and results in a time delay
of about 5 s, which is well below the 60 s of time elapsed
between images.
Both series comprise a total of 512 minutes and were
taken at 60 s intervals. The gaps and bad images have been
Ðlled with zeros.
One of the most important parameters in the ring
diagram analysis is the size of the section being studied. The
bigger the size, the higher the resolution in spatial fre-
quency. However, one would lose spatial resolution in the
results, since large regions give global rather than local
results. Another issue to take into account is the fact that
the plane-wave approximation is a local approach. There-
fore it is necessary to look for the best trade-o† between
both variables. For this test we decided to use a section of
about 30¡ ] 30¡ centered on the equator. It is still a large
region on the solar surface, but small enough for the plane-
wave approximation, with the advantage of good spatial
resolution.
TABLE 1
MAIN DIFFERENCES AND SIMILARITIES OF THE MDI AND
TON INSTRUMENTS
Attribute MDI TON
Pixel size (arcsec) . . . . . . 2 2
Signal . . . . . . . . . . . . . . . . . . . Velocity Intensity
Line . . . . . . . . . . . . . . . . . . . . Ni I 677 nm Ca II K 393 nm
Line formation . . . . . . . . Photosphere Chromosphere
Base . . . . . . . . . . . . . . . . . . . . Space Earth
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The creation of the three-dimensional power spectrum
goes through the steps of remapping, tracking, temporal
Ðltering, and three-dimensional fast Fourier transform
(FFT; Patro n 1994).
Remapping and tracking require interpolation. In the
most recent work, both tasks have been performed at once,
reducing the number of interpolations. Remapping is neces-
sary because of the plane-wave decomposition we want to
perform: plane waves propagate in great circles, and a two-
dimensional FFT in the spatial domain in an equal-length,
great-circle coordinate system provides us with a direct
plane-wave decomposition.
The selected region is also tracked in order to remove the
surface solar rotation, which would otherwise introduce an
artiÐcial east-west Ñow in the results.
The particular region was chosen in such a way that the
section was as centered as possible on the disk center over
the selected time span. Basically, the region is located at the
disk center at the middle of the time span. For 512 minutes
this means that the farthest position of the center of the
subraster from the disk center was about in longitude,2¡.3
being centered about the solar equator. To track the region
over time, a polynomial function of colatitude (/) was used :
)\ a0[ a2 cos2 /[ a4 cos4 /[ s0 , (2)
with the coefficients given by Snodgrass (1984) : a0\ 452.0nHz, nHz, nHz, and nHz. Thea2\ 49.0 a4\ 84.0 s0\ 31.7tracking code assumes a constant rotation rate for the
whole section equal to the rotation rate of the center of the
subraster. This solid-body approximation introduces a
maximum displacement of less than one pixel in longitude
between a point in the center of the section and any other in
the subraster, and the possible e†ect on the analysis is
neglected. After the tracking, the section is projected on to a
great-circle coordinate system, that deÐned by the central
meridian of the chosen patch and the great circle orthog-
onal to the meridian at the center of the section. It has been
shown that using this mapping reduces the deformation of
the rings in sections far away from the center of the disk
et al.(Haber 1995).
The results of these steps are stored in a three-
dimensional image of 256] 256 ] 512 pixels. The third
dimension is time. The spatial resolution is about 1456 km
pixel~1 on the solar surface.
After the tracking and remapping process, a running
mean of 21 images has been subtracted as a temporal Ðlter
to eliminate slowly varying signals such as local activity or
atmospheric extinction.
Finally, a Fourier transform has been applied in both the
two spatial dimensions and the temporal dimension to get
the three-dimensional power spectrum. The resolution of
the spectrum in temporal frequency is 32.55 kHz, and the
spatial frequency resolution is 0.017 Mm~1. showsFigure 1
a comparison between cuts at the same frequency of the
spectra obtained with both instruments. In theFigure 2
two-dimensional spectra obtained as an azimuthal average
of the two spectra can be seen. In the case of the TON
spectrum, the aliasing e†ect of the observational window is
FIG. 2.Èl-l diagrams obtained as an azimuthal average of the three-dimensional power spectra obtained with the SOI and TON instruments. On the left,
the SOI diagram is shown, and the TON one is on the right. The n labels have been situated in the same position in both diagrams as a reference. The power
has been enhanced multiplying by k2.
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FIG. 3.ÈComparison of velocities as a function of frequency obtained by Ðtting the three-dimensional power spectra of SOI and TON for and Thep3 p5.left panels show the east-west velocities (longitudinal component Ux, n \ 3 [top] and Ux, n \ 5 [bottom]) and the right panels the south-north velocities
(latitudinal component Uy, n \ 3 [top] and Uy, n \ 5 [bottom]).
remarkable. This is not surprising, since the TON images
used in this work are not of very good quality because of
poor weather conditions. This results in a low signal-to-
noise ratio in the power spectrum and enhances the back-
ground noise level and, hence, the aliasing signal.
3. THE FITTING PROCESS
These spectra have been Ðtted to a model based on a
one-dimensional line proÐle (frequency dependence) for the
peaks in the solar-mode power spectrum derived by
Duvall, & Je†eries It has been modiÐed toAnderson, (1990).
take the horizontal wavenumber components into(k
x
, k
y
)
account et al. The model for a single peak is(Patro n 1995).
as follows :
P(l, k
x
, k
y
) \ A2
[l[ l0(kx, ky)]2] p2
] b1k~3] b2 k~4 ,
(3)
where A and p describe the amplitude and half-width at
half-maximum of the Lorentzian, and parameterizeb1 b2the background, and is related to and by the empiri-l0 kx kycal dispersion relation given by The deviationequation (1).
from this model is considered to be produced, to a Ðrst
approximation, by horizontal velocity Ñows that advect the
wave front and shift the temporal frequencies of the modes
following the expression *u\ k Æ U, where u\ 2nl, so
that the mode frequency in becomesl0 equation (3)
TABLE 2
CORRELATION COEFFICIENT AND SIGNIFICANCE OF THE VELOCITIES VERSUS FREQUENCY OBTAINED BETWEEN THE TWO
INSTRUMENTS FOR DIFFERENT n-VALUES.
Frequency Range
n N points (kHz) Correlation x SigniÐcance x Correlation y SigniÐcance y
1 . . . . . . 36 2148È3255 [0.28 1.0 ] 10~1 [0.15 3.8] 10~1
2 . . . . . . 42 2213È3548 0.35 2.4] 10~2 0.70 1.9] 10~7
3 . . . . . . 38 2799È4003 0.54 5.0] 10~4 0.54 4.6] 10~4
4 . . . . . . 42 2897È4231 0.75 1.1] 10~8 0.61 1.7] 10~5
5 . . . . . . 63 3027È5045 0.57 1.4 ] 10~6 0.67 1.7] 10~9
6 . . . . . . 62 3222È5208 0.52 1.7 ] 10~5 0.37 3.5] 10~3
7 . . . . . . 56 3515È5305 0.35 7.3] 10~3 0.38 3.8] 10~3
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FIG. 4.ÈVelocity as a function of depth after the inversion process. The upper graphic shows the east-west component (longitudinal component Ux,
j \ 5.0), and the the bottom one shows the south-north component (latitudinal component Uy, j \ 5.0) obtained from both instruments for a smoothing
parameter j \ 5.
l0@ \ l0[ *l\ c(kx2] ky2)1@4 [
1
2n
(k
x
U
x
] k
y
U
y
) . (4)
Introducing this new deÐnition for intol0 equation (3)and considering the contribution of di†erent radial orders
(index j), i.e., several peaks for a constant horizontal wave-
number (described by and one obtain the Ðnal Ðttedk
x
k
y
),
model :
P(l, k
x
, k
y
)\ ;
j/1
N A
j
2
[l[ c
j
k1@2] (U
x
j k
x
] U
y
j k
y
/2n)]2] p
j
2
] b1 k~3] b2 k~4 . (5)
The Ðtting of this model will return the horizontal veloc-
ity Ðeld together with the rest of parameters as a maximum
likelihood approach that tries to maximize the probability.
This probability is well deÐned in the case of solar oscil-
lations by & Harvey See for aDuvall (1986). Patro n (1994)
detailed description of this Ðtting process.
The actual Ðt of the parameters is performed by using a
downhill simplex method for nonlinear, multidimensional
functions et al. In this process, the function is(Press 1986).
evaluated for a volume of data that includes nine frequency
levels and a range in horizontal wavenumber that is limited
by the position of the rings corresponding to the radial
order chosen in the Ðt and the frequency range considered.
The results of this Ðt will be associated with the central
frequency of the selected volume. The process is repeated
for all the temporal frequency levels.
The code that performs the Ðtting includes part of two
di†erent ““ trumpets,ÏÏ or radial orders, in the spectrum at
once (i.e., N \ 2 in It has been chosen in this way toeq. [5]).
increase the amount of data and to get higher stability in
the results et al. et al. Because(Patro n 1995 ; Patro n 1997).
of the di†erent signal-to-noise ratios achieved by the two
instruments, the frequency range available in both spectra is
not the same. In it can be seen that, in general, theFigure 1
power in the SOI rings is higher than in the TON data,
which permits us to reach further into the spatial frequency
range. However, looking this time at the ampli-Figure 2,
tude of the peaks at high temporal frequencies in the TON
spectrum is higher than those of the SOI spectrum.
As an example, the results of Ðtting both spectra are dis-
played in for n \ 3 and 5 and represent the wholeFigure 3
set of radial orders very well. Only the range in temporal
frequency where both results overlap has been plotted.
Since the error bars in the results from both instruments are
very similar, only those corresponding to the SOI instru-
ment have been overplotted to clarify the plot. These error
bars are the diagonal elements of the inverse of the Hessian
matrix of function S (second partial derivatives of S with
respect to the Ðtted parameters, S being the minimized func-
tion in the Ðtting process).
The correlation between the results of the two instru-
ments is acceptable in general, apart from local instabilities
(see It is clearly visible from both the Ðgures andTable 2).
the table that the correlation is better where the signal-to-
noise ratio of the spectra is better, i.e., in the middle of the
central ridges. Before giving any conclusions, however, we
need to go through the inversion of the data.
4. INVERSIONS AND VELOCITY FLOWS
For the inversion process, we used a least-squares
piecewise constant Ðt with second-derivative smoothing
method (Patro n 1994).
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The set of kernels used in the inversions has been
obtained from a standard solar model computed by Bahcall
& Ulrich taking into consideration our intention of(1988),
inverting horizontal velocity Ñows. These are the same kind
of kernels normally used when inverting rotational splitting
data.
The inversion procedure decides the lowest turning point
corresponding to the set of modes used in the Ðt and pro-
vides the depth dependence of the two components of the
Ñows separately, from this bottom depth up to the highest
turning point located at the solar surface. In this case we
used a total of 339 modes, with 1 ¹ n ¹ 7 and
131 ¹ l¹ 706 in both data sets, a range that permits a
depth range from r \ 0.91 to the surface to be covered.R
_A smoothing parameter, j, is used in the inversion for the
trade-o† between error magniÐcation and depth resolution,
this last being interpreted as the goodness of localization of
the depth information. Care must be taken with the choice
of this parameter. Here we use a value of the smoothing
parameter j \ 5.0 The Spearman correlation gives(Fig. 4).
a value of 0.67 for the east-west component and [0.24 for
the south-north component, and the signiÐcances are
7.2] 10~05 and 2.1] 10~01, respectively.
5. DISCUSSION
Before starting the comparison of the two sets of results,
it is essential to stress that there exist important di†erences
between the two acquisition processes of the data used to
obtain the ring diagrams applied to the two instruments.
First, the images from TON are intensity images, and the
images from SOI are Doppler velocity images. The velocity
measurements are generally more precise in order to get the
mode frequency. However, the background is strongly
dependent on the frequency in the case of velocity. Sec-
ondly, SOI takes images in the Ni I (677 nm) line while
TON uses the Ca II K (393 nm) line. These two lines orig-
inate in the photosphere and chromosphere, respectively,
which means that they are carrying information on the
surface displacements at two independent locations in
depth. This could introduce a spurious signal due to
chromospheric modes, for example, in the case of TON
images. Finally, the location of the instruments, outside the
atmosphere in the case of SOI and Earth-based in the case
of TON, produces more nonÈinstrumental-dependence dif-
ferences. These di†erences introduce completely di†erent
types of noise in the spectra derived from the images from
each instrument. At the moment we are not sure what the
repercussion of the background noise on the results is, so
this inÑuence cannot yet be isolated.
In spite of these di†erences, the velocities obtained after
the Ðtting process from both data sets show the(Fig. 3)
same general behavior and present a reasonable correlation
There are ranges in frequency where this corre-(Table 2).
lation rises, usually at the center of the interval. The corre-
lation is also dependent on n. Both these facts are probably
related with the Ðtting process. The three-dimensional dis-
tribution of the power spectrum is such that it is easier to
reach certain ranges in frequency, becoming harder at low-k
numbers, where the ridges get closer, or at very high fre-
quencies, where the signal-to-noise ratio is lower. The dis-
tance between ridges is smaller for higher n, which makes it
more difficult to Ðt these ridges as well.
The results of the inversions are still similar in most of the
depth ranges but are not so similar near the surface, which
suggests the need for further, exhaustive revisions of the
inversion code. In this sense, new tests of the inversion code
are being developed, and they suggest that the resolution
used near the surface plays a very important role in the
process. In addition, we are also testing a new inversion
code to check how it works with the ring diagram technique
(E†-Darwich 1996).
In conclusion, even though the correlations after the
inversions are not very good, we understand that this is
caused mainly by the input into the inversion of results of
the Ðtting process in regions where neither the signal-to-
noise nor the resolution are adequate. In the regions where
these parameters are adequate, such as rings n \ 4 and 5,
the correlation is very good, and we conclude that the ring
diagram analysis is detecting real solar information in two
very di†erent data sets.
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